This is an interim report describing part of the research efforts at the Naval Health Research Center Detachment Toxicology (NHRC/TD) to construct either a single or series of mathematical model(s) that can predict a chemical's potential as a cardiac sensitizer. The model is based upon physiological measurements prior to the onset of cardiac arrhythmia. The measurements were separated into baseline and arrhythmicgenic responses. Ouabain, a digitalis glycoside, was selected for this study because of its ease of use and documentation as a cardiac sensitizer.
PROBLEM
Cardiac sensitization is the sensitization of the heart to circulating catecholamines (i.e. epinephrine) after exposure to an exogenous chemical, such that sudden alarm or exercise may precipitate a cardiac arrest. The main mechanism of cardiac arrest is a cardiac arrhythmia, although anoxia, respiratory depression, and vagal stimulation along with aspiration of vomit or trauma may be contributing factors leading to sudden death. The most prevalent example of cardiac sensitization is the recreational abuse of solvents, commonly known as "Huffing" or "Sniffing". Chemicals that have a known cardiac sensitizing potential include: fuel gases (butane, propane, and gasoline vapors); other solvents such as typewriter correction and dry cleaning fluids (trichloroethane); fire extinguishers (bromochlorodifluoromethane); degreasing agents (trifluorotrichloroethane); adhesives (toluene); aerosol propellants (halons and/or butane); and medications (digitalis glycosides and cocaine).
OBJECTIVE
The purpose of this investigation is to develop a predictive mathematical model that can identify cardiac sensitizers.
APPROACH
The dog and the swine were used as surrogates for the human. Physiologic and electrocardiographic measurements were taken during the control period and after each dose of ouabain, a digitalis glycoside known to provoke ventricular arrhythmia. Logistic regression was used to develop the model by converting binary data into a function (curve/equation) that can estimate of the probability of a particular result, in this case experiencing a cardiac arrhythmia.
RESULTS
Five parameters were significant predictors of arrhythmia in dog. These included heart rate (HR), PQ interval (PQ), QT interval (QT), systolic aortic pressure (Paos) and estimation of contractility (dP/dtma). Three parameters were significant in the swine (PQ, QT and dP/dt ma ). The study demonstrates that several mathematical models can be constructed to predict the onset of ouabain induced arrhythmia, in both the dog and the swine, and that there are similarities in the two animal models. Efforts to reduce the number of parameters to a single term showed colinearity among simple pair wise combinations. 
LIST OF ABBREVIATIONS

INTRODUCTION
Cardiac sensitization is a specialized physiological condition. In its simplest terms, it is the sensitization of the heart to circulating catecholamines (i.e. epinephrine) after exposure to an exogenous chemical, such that sudden alarm or exercise may precipitate a cardiac arrest (Adgey et al., 1995) . The main mechanism of cardiac arrest is a cardiac arrhythmia, although anoxia, respiratory depression, and vagal stimulation along with aspiration of vomit or trauma may be contributing factors leading to sudden death. The most prevalent example of cardiac sensitization is the recreational abuse of solvents, commonly known as "Huffing" or "Sniffing" (Bass, 1970) .
Chemicals that have a known cardiac sensitizing potential include: fuel gases (butane, propane, and gasoline vapors); other solvents such as typewriter correction and dry cleaning fluids (trichloroethane); fire extinguishers (bromochlorodifluoromethane); degreasing agents (trifluorotrichloroethane); adhesives (toluene); aerosol propellants (halons and/or butane); and medications (digitalis glycosides and cocaine) (Adgey et al., 1995 , Kaufman et al., 1994 , Mest et al., 1995 , Ohuoha et al., 1998 . When the cardiac sensitization model was developed, the physical observation of ectopic beats was clearly the most obvious endpoint (parameter) by which to measure a chemical's sensitizing effect on the heart. Although several in vitro models have been attempted to predict cardiac sensitizers, a better understanding of the mechanism behind cardiac sensitization is needed. The primary objective of this investigation is to construct a mathematical model that is capable of predicting clinical conditions of cardiac arrhythmia before the onset of cardiac arrest.
As a first step, 15 cardiac physiological parameters were evaluated prior to the development of cardiac arrest (arrhythmia). A corollary to this objective is to determine if anesthesia in any way obfuscates the ability of physiological monitoring to predict the onset of arrhythmia.
METHODS AND MATERIALS
ANIMALS
Six male (10 kg) beagle dogs and six male (25 kg) Yorkshire swine were used.
PHYSIOLOGICAL PARAMETERS
A combination of hemodynamic and electrophysiologic parameters was measured during a baseline state (control) and immediately prior to arrhythmia. The parameters are as follows: Aortic impedance was estimated by dividing pulsatile aortic pressure by pulsatile flow (i.e. stroke volume), and systemic vascular resistance was estimated by dividing mean systemic arterial pressure (presuming right atrial pressure was constant) by cardiac output. To estimate contractility and lusitropy, respectively, dP/dt max and dP/dt m j n were used, realizing that both methods are load dependent. ECGs were analyzed for heart rate (chronotrope), and PQ (dromotrope), and QT (repolarization) duration.
CHEMICAL/DRUG
Ouabain, a digitalis glycoside, was used to provoke ventricular arrhythmia. Pigs were anesthetized with thiopental-halothane; and dogs with thiopental-chloralose.
DOG STUDY
The experimental design was adopted from Robitaille, et al, 1993; Rath, et al, 1995; and Josephson, 1992 . Prior to the start of the study, each dog was anesthetized with thiopentalhalothane. Catheter-introducers were placed in a jugular vein and a carotid artery. Animals were allowed to recover after the surgery. Prior to exposure to ouabain, a pacing catheter was introduced through the jugular vein with the bipolar leads being positioned in the right ventricle.
A Millar catheter containing two solid-state pressure transducers and a flowmeter was introduced through the carotid artery. One of the pressure transducers was positioned in the left ventricle and the other in the ascending aorta with the flowmeter. Electrodes forming lead II ECG were placed on the limbs of the animals. During the first phase of the dog study, the parameters were measured in conscious dogs. Each animal was dosed, intravenously, with 40 mg/kg ouabain (priming dose). Additional doses of 0.15 mg/kg ouabain were given every 15 minutes (graded doses) until ventricular arrhythmia was produced. All parameters were measured during the baseline period (control), after infusion of the priming dose and after each graded dose. Before each ouabain infusion, the right ventricle was paced ten times (eight conditioning stimuli at 300 ms intervals, the 9 th stimulus at 150 ms interval, and the 10 th stimulus at 130 ms interval) to determine if non-paced ventricular ectopic activity (termed RVR for repetitive ventricular responses) occurred. The end-point of each experiment was taken when the dog developed the first ventricular premature depolarization, either spontaneously or after cessation of pacing. For the second phase of the dog study, the same animals were anesthetized 24-hours later. The dogs were anesthetized intravenously with thiopental sodium (15 mg/kg) and alpha chloralose (100 mg/kg), and measurements were made as in the first phase. Upon completion, the dogs were euthanized before awakening.
SWINE STUDY
The swine were evaluated only under anesthesia. The model used was the same experimental procedure used for the second phase of the dog study.
STATISTICAL METHODS
These data were evaluated using logistic regression since the outcome variable is binary (Neter et al, 1983) . The outcome variable was defined as baseline or prior to arrhythmia. The analysis was performed using the logistic procedure in SAS (Cary N.C, 1999). The independent variables in the model for evaluating the effect of anesthesia on dogs were the parameters measured and "Group." The dependent variable was assigned a value of "zero" for control or a value of "one" for the onset of arrhythmia. A significance level of 0.10 was chosen as an inclusion criterion, since this study was to investigate the feasibility of building a predictive model. Logistic regression is given by equation 1 with/? being the probability of arrhythmia, Xi the corresponding cardiac parameter measurement, and ßo, ßi and ß2 the parameters of the logistic function to be estimated. Group (X 2 ) is given a value of "one" for conscious or "two" for anesthetized. ß 0 +ß l X+ß 2 Group X + e ß Q +ßiX+ß 2 Grou P (
The output from SAS includes the ß 0 , ßi and ß 2 estimates, p-value for these estimates, and a p-value for assessing goodness-of-fit for the model using -2 Log Likelihood as the criteria, which has a chi-square distribution under the null hypothesis.
For the swine study the logistic regression equation is simplified and given by equation 2
where p is the probability of arrhythmia, Xi the corresponding cardiac parameter measurement, and ßo and ßi are the parameters of the logistic function to be estimated.
RESULTS
DOG STUDY
The first step in evaluating the model was to examine the p-value for the goodness-of-fit.
Those parameters whose goodness-of-fit were significant included HR, PQ, QT, Paos, and dP/dtmax. Table 1 contains these results. Further examination showed that the models for HR, PQ, QT, and Paos were significant with respect to the parameter. These same models were not significant with respect to the "Group" factor, indicating that there was no difference between data from conscious or anesthetized dogs. Because it fulfilled the criteria for significance with respect to goodness-of-fit as well as the predicting arrhythmia, dP/dt max was still included as a model. Figures 1 and 2 illustrate significant and non-significant models. Twenty-two observations were made during this study; these included two readings (baseline and prior to arrhythmia) for five conscious animals and two readings (baseline and prior to arrhythmia) for six anesthetized animals. Due to technical difficulties, the values for one animal during the conscious phase of the study are missing.
SWINE STUDY
Starting with goodness-of-fit, QT and PQ were significant. Table 2 contains these results.
Further examination showed that the model for QT was significant with respect to the parameter.
Since PQ passed the goodness-of-fit test, it was included as a model, even though its p-value with respect to parameter was not significant at the 0.1 level. Because there was complete separation in baseline data and data prior to arrhythmia, dP/dW produces no unique logistic function (figure 3) However, this does not mean that it is not a significant predictor for cardiac arrhythmia.
DISCUSSION
The objective of this investigation is to construct either a single or series of mathematical model(s) that can predict a chemical's potential as a cardiac sensitizer. The model is based upon physiological measurements prior to the onset of cardiac arrhythmia. The measurements were separated into baseline and arrhythmicgenic responses. Ouabain, a digitalis glycoside, was selected for this study because of its ease of use and documentation as a cardiac sensitizer (Mest et al, 1995; Lotan et al, 1992; Mest et.al, 1992; Mest and Balewska, 1991; Thomas and Varma, 1991) . It is a potent parasympathomimetic with positive inotrope and negative doromtrope behavior. Programmed electrical stimulation (PES) was selected in place of epinephrine because repeated use of an arrhythmic dose of epinephrine may result in myocardial damage ( Van-Belle et al, 1992; Herbaczynska-Cedro and Gajkowska, 1992; Prichard et al, 1991) .
In constructing the model, our focus was to develop a bridge between the current dog model and a predictive mathematical model. In order to develop the most humane procedure, it had to be determined if anesthesia would exert any effect on the physiological parameters chosen to be measured. The current model uses conscious dogs. Comparing data from conscious and anesthetized dogs suggest that anesthesia has no significant effect on the physiological parameters measured. This was evident by the lack of significance for the factor "Group," which designated data as conscious or anesthetized in the statistical argument. Determining if anesthesia would obfuscate the results became crucial for future studies that would involve swine, the second and confirming (supportive) animal model.
Conventional inferential statistics only determine if control values for each parameter are
significantly different from their corresponding experimental values. The goal was for the model to provide an estimate of the probability for an arrhythmicgenic response, hence, the use of logistic regression. Logistic regression takes binary data (baseline/arrhythmia) and converts it to a function (curve/equation) that can estimate of the probability of a particular result, in this case, experiencing a cardiac arrhythmia. This approach allows the user to predict, at a given dose, the predisposition of an individual to an arrhythmicgenic response. The only limitation of logistic regression is in the event all control values and experimental values are contained in intervals, such that there is no overlap with each other. In this situation, there is no single logistic function, which will describe the data. Instead, there are an "infinite" number of functions which could describe the data.
For the dog, functions for each of the five parameters (HR, PQ, QT, Paos, and dP/dt max )
were found to be significant predictors for cardiac arrhythmia. Data for each parameter can be measured via non-invasive procedures (electrocardiograms and pressure cuff). Although all five parameters were individually predictive of arrhythmia, their combinations provide no increase in predictive powers. As shown in Table 3 , the goodness-of-fit test is significant for each pair wise comparison and the "Group" factor indicates that there was no difference between data from conscious or anesthetized dogs. However, simple pair wise combinations show that there is colinearity among the five parameters, illustrating a lack of independence.
Swine were selected as the second animal model to confirm the findings in the dog, as well as being a transition model for humans. Swine have a cardiovascular system similar to that of humans. For the swine, only QT was found to be a significant predictor for cardiac arrhythmia.
PQ was marginally significant. PQ, and dP/dt max were significant but did not produce a unique function. However, for the dog study, there were twice as many observations (conscious and anesthesized) as in the swine. By increasing the number of observations in the swine, more parameters may become significant. Therefore, there was no attempt to examine pair wise comparisons.
This study suggests that the QT interval, the PQ interval, and dP/dt max are the most promising of all parameters for predicting cardiac sensitization. Since the QT interval was the only parameter significant in both the dog and the swine, it is the leading model for predicting cardiac sensitization among multiple species. Additional research is needed in this area, however this paper sets the foundation for a comprehensive predictive mathematical model, regardless of species. Comparison of probabilities for the onset of arrhythmia based on the heart rate (HR) of conscious and anesthetized dogs. (GOF = goodness-of-fit). Comparison of probabilities for the onset of arrhythmia based on the dP/dt m j n of conscious and anesthetized dogs.
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